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a b s t r a c t
In this paper, a multi-objective control system has been developed and experimentally tested. The multi-
objective control system can be effectively used to control short-term fouling aswell as long-term fouling.
In an earlier study it was found that coagulant dosing in ultraﬁltration can be used effectively to control
the short-term fouling resistance during several sequential ﬁltration cycles. To control long-term resis-
tance increase during sequential chemical cleaning cycles, usually, in open-loop setting of the cleaning
frequency or variableswhich inﬂuence the cleaning efﬁciency, such as, the cleaning time and the chemical
compositionare adjusted. Additional introductory experiments showed that changes in the coagulantdos-n-line coagulation
ontrol
ing have a more pronounced effect on long-term fouling than changes in the usual applied variables. For
this reason, itwas decided to develop a closed-loopmulti-objective controllerwhere the coagulant dosing
is used as the manipulated variable to accomplish both control objectives namely the fouling resistance
overmultiple ﬁltration cycles (the short-term objective), as well as the irreversible fouling resistance over
multiple chemical cleaning cycles (long-term objective). However, the controller is too slow to deal with













ﬁkind of gain scheduler sho
. Introduction
Ultraﬁltration (UF) is increasingly used as a technology for sur-
ace water puriﬁcation. UF membranes have a high selectivity and
ecame economically attractive during the last 15 years. However,
embrane performance is inﬂuenced by fouling. For this reason
requent cleaning of the membrane is required. In the short term
hemembrane is cleaned bymeans of backwashing and in the long
erm the membrane is cleaned with cleaning chemicals. Although
ackwashing and chemical cleaning are usefulmethods to remove-
ouling, the execution of such procedures is often based on rules of
humb and/or pilot plant studies.
In recent studies, attempts were made to model and validate
he accumulation and removal of fouling during ﬁltration and back-
ashing [1–7].
In our work, a black box modeling approach is chosen, as sur-
ace water composition is complex [13–15] and physico-chemical
ffects are difﬁcult to describe. Black box models have excellent
∗ Corresponding author. Tel.: +31 40 247 54 33.
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redictive properties and contain variables that can be used to con-
rol the process. Suitable models are required to calculate optimal
roduction settings and/or trajectories. Subsequently, the optimal
ettings/trajectories should be realized by means of process con-
rollers.
The authors have devised a hierarchical structure, representing
ll time- and production stages of an UF process for the puriﬁca-
ion of surface water. In Fig. 1 the hierarchical structure is depicted.
he structure consists of three layers. For each layer, models and
ptimization routines were formulated.
In the lowest layer, short-term operations were modeled and
ptimized, such as ﬁltration-, backwash- [8] and chemical clean-
ng settings [9,10]. In the middle layer, optimization over multiple
ltration- and cleaning cycles was done [11], while in the upper
ayer the overall operational costs were balanced with the invest-
ent costs [12], on the basis of a membrane lifetime model.
ptimization lead to optimal proﬁles for production settings, and
hese settings form the basis for the formulation of a control
olicy.
Optimal control of fouling inmembraneﬁltration is not reported
xtensively in the literature [16,17]. In reference to the hierarchical
ptimization structure mentioned earlier, a coagulant controller





















mig. 1. Hierarchical control structure for the ultraﬁltration process. F: ﬁltration pha
hase, CC: chemical cleaning cycle, MLTC: membrane lifetime cycle.
as reported in [18], where the coagulant dosing – as a sur-
ace water pre-treatment step – was successfully employed in a
eedback fouling control system. The set point trajectory of the
ontroller is determined by means of dynamic optimization. This
ontrol system showed to be useful in controlling fouling over sev-
ral ﬁltration cycles.We not that in this context, short-term control
s deﬁned as control over several ﬁltration cycles.
The objective of this paper is to extend the current inline control
ystem, inwhich irreversible fouling in over several cleaning cycles
s controlled by means of chemical cleaning. In this context long-
erm control is deﬁned as control over several cleaning cycles. It is
mportant to control fouling in the long-term, as the accumulation




mbackwashing phase, C: chemical cleaning phase, FC: ﬁltration cycle, P: production
ay [19]. Irreversible fouling is in this context deﬁned as fouling
hat cannot be removed by means of backwashing.
The irreversible membrane fouling resistance, accumulating in
he long-term, may be controlled by adaptation of the open-loop
ettings for chemical cleaning (frequency, ﬂushing, soaking, clean-
ng ﬂux, cleaning agent concentration) using a feedback controller.
he chemical cleaning model, in its current form is able to opti-
ize such variables. However, experiments showed that the overallhemical cleaning effectiveness is strongly inﬂuenced by the coag-
lant dosing strategy of the preceded ﬁltration sequence.
For this reason the chemical cleaningmodel should be extended
ith the coagulant dosing as additional variable, in order to deter-
ine dynamic control proﬁles. In contrast to the short-termcontrol



















































The design of a control system consists of the following steps:
deﬁnition of control objectives, selection of manipulated and mea-
sured variables, selection of the control conﬁguration and ﬁnallyFig. 2. Schematic repre
trategy, where optimal trajectories of the manipulated variables
re realized, we circumvented the shortcoming in the model by
he formulation a long-term control objective that is determined
y an optimal steady irreversible fouling level. The steady irre-
ersible fouling level is determined by means of optimization at
he membrane lifetime level.
Now the short-term, as well as long-term control objectives
ave to be realized by means of the coagulant dosing, an extended
ontrol system is developed, where the coagulant concentration
s used, both, as manipulated variable to control the short-term
ouling resistanceaswell as the long-term irreversible fouling resis-
ance. It is noted that controlling two objectives with only one
ariable limits the operating region. However, implementation of
hismulti-objective control system shows to be effective for a pilot-
lant processing surface water.
Two other options for closed-loop control worth mentioning
re: (1) a cascade control system where the resistance proﬁle of
ﬁltration sequence is adapted to the achieved chemical cleaning
ffectiveness, or (2) a feedback control system where the chemical
leaning frequency (duration of the ﬁltration sequence) is adapted
o the achieved chemical cleaning effectiveness.
. Materials and methods
The experimentswere performed on a pilot plant scale ﬁltration
nit which is shown in Figs. 2 and 3. Two Norit-Xiga UFC SXL-225
SFC modules with a membrane surface of 40m2 each and a cut-
ff of approximately 200kDa were used. These modules consist of
ollowﬁber porous PES/PVPmembraneswith an internal diameter
.8mmand an effective length of approximately 1.5m. The internal
ber volume is approximately 16.l, the additional dead volume of
he system is estimated at 8.l.
Surface water taken from the Twente Canal was used as feed.
his water contains, amongst others fatty acids, polysaccharides,
roteins, high molecular weight organic structures and clay. Most
f these substances are naturally present in surfacewater and origi-
ate from, for example, plantmaterial. In addition, somemunicipal,
ndustrial and agricultural contamination can be found. The feed-
ater was pre-ﬁltered (200m) to prevent too large particles form
ntering the system. The feedwater was buffered in a continuously
efreshed and well-stirred feed tank.
Filtration sequences were preceded by a chemical cleaning pro-
edure. First a caustic cleaning with sodium hydroxide (pH 11) and
F
f
ction of the pilot setup.
odium hypochlorite (100ppm) was performed, secondly an acidic
leaning with hydrochloric acid (pH 2) was performed.
During ﬁltration, coagulant was dosed to the feed
ater(Quadraﬂoc PUS, ViVoChem BV). The coagulant dosing
as controlled by ﬂow ratio control on a dosing pump (FrC in
ig. 2). The mixing point is just before the ﬁltration pump.
In Fig. 2, the pressure sensors are indicated by PT, the tempera-
ure sensors by TT and the ﬂow transmitters by FT. Based on these
easurements, the values of the viscosity and resistance are cal-
ulated by the control software. The initial value of the ﬁltration
esistance is obtained by calculating the average resistance during
he ﬁrst 50 s of the ﬁltration phase. Subsequently, the adaptation
f the coagulant dosing is calculated and the dosing setpoint is
dapted.
. Closed-loop controlig. 3. Back side of the 8 in. pilot-scale experimental setup. The picture shows the
eedwater tank, approximately half of the pressure house and the three cleaning
hemicals dosing pumps.































































initial ﬁltration resistance is tracked, the coagulant dosing CF is
adapted once every ﬁltration, at the moment at which the initial
resistance is estimated.
When the manipulated variable is constrained, it is more con-
venient to use the velocity form, which expresses the change of theFig. 4. Fouling
ontroller design. An introduction to control systems can be found
n Stephanopoulos [20].
.1. Control objectives
As discussed in the introduction, there are two types of control
bjectives that should be realized within ultraﬁltration of surface
ater. The short-term control objective, where fouling levels are
ontrolled during the ﬁltration cycle and the long-term control
bjective, where fouling levels are controlled over several chemical
leaning cycles.
Fig. 4 shows how reversible and irreversible resistance evolves
ver multiple ﬁltration and chemical cleaning cycles. Where
0F,D(nF) is the desired resistance at the end of a ﬁltration sequence
nd where R0C,D(nC) is the desired resistance at the end of a chem-
cal cleaning phase, nF and nC denote the ﬁltration cycle number
nd the chemical cleaning cycle number, respectively.
.2. Manipulated and controlled variables
To realize the control objectives, they should ﬁrst be quanti-
ed. The resistance is a good measure for the amount of fouling
resent in the system and will serve as the controlled variable. The
esistance is the sum of the membrane resistance RM and a foul-
ng resistance Rf. Darcy’s law relates the resistance to the ﬂux J, the
rans-membrane pressure P and the viscosity :




The objective of the coagulant controller (short term) is to track
trajectory of desired initial ﬁltration resistances. The objective of
he chemical cleaning controller (long-term) is to keep the resis-
ance after chemical cleaning at a certain value.
. Initial control experiments
In principle we want to realize the short-term and long-term
bjectives by two independent feedback controllers. Previouswork
howed that the coagulantdosing inﬂuences the cleaningefﬁciency
f the backwash [18]: the short-term objective can be realize using
he coagulant dosing (CF).
The long-term objective can be realized by manipulating the
hemical cleaning settings, such as the cleaning agent concentra-
ion, cleaning time or cleaning frequency. The chemical cleaning
ime is chosen as manipulated variable because it is most easily
hanged in terms of capacities of the pilot setup.
A control scheme where the cleaning time (tC) is applied as
anipulated variable to realize the long-term objective and where
he coagulant dosing (CF) is used to realize the short-termobjective
s illustrated in Fig. 5. Fction of time.
It should bementioned that there could be interaction between
he two controllers; the coagulant dosing applied during the ﬁltra-
ion sequence may inﬂuence the effect that the chemical cleaning
ime may have on the cleaning sequence.
In the two sections below, wewill introduce the short-term and
ong-term controllers and evaluate their behaviour
.1. Short-term control
The short-term controller that tracks a desired initial ﬁltration
esistance trajectory was developed in earlier work [18]. An empir-
cal relationship to describe the resistance trajectory can be given
s
0F,D(VF) = R0C(nC) + ˛iVF + Rr(1 − e−VF/Veq ) (2)
here R0F,D(VF) is the desired resistance trajectory as function of
he speciﬁc volume produced (VF). R0C(nC) is the resistance after
he nC-th chemical cleaning phase,˛i is the ﬁnal slope, Rr is the gain
f exponential rise and Veq is the characteristic volume. A deviation
rom the desired initial ﬁltration resistance trajectory curve indi-
ates that the ﬁnal value is most likely going to deviate from the
esired ﬁnal value as well. For this reason, a difference between
he desired initial ﬁltration resistance and the measured initial
ltration resistance should result in an adaptation of the coagu-
ant dosing. The difference between the desired and realized initial
ltration resistance is the control error:
F(nF) = R0F(nF) − R0F,D(VF(nF)) (3)
ith nF the ﬁltration cycle number, R0F,D(VF(nF)) the desired ini-
ial ﬁltration resistance trajectory and R0F(nF) the measured initial
esistance.
The algorithm that determines how the information obtained
rom the process (the control error) is used to adapt the manipu-
ated variable is called the controller. Because a trajectory for theig. 5. schematic representation of control scheme for two independent controllers.

















































Theﬁgure clearly shows that cleaning timehardly inﬂuences the
cleaning effectiveness, but that the applied coagulant dosing has a
signiﬁcant impact.
Table 1
Settings for the coagulant controller.Fig. 6. Sequence of
anipulated variable (CF(nF + 1)−CF(nF)). The PI control algorithm
ay be given in velocity form as





εF(nF) − εF(nF − 1)
)
(4)
here K is the proportional controller gain and nI is the integration
nterval. The bounds can be given as
lb < CF(nF) < Cub (5)
.2. Long-term control
The objective of the long-term controller is to control the irre-
ersible ﬁltration resistance after a chemical cleaning phase. The
ontrol error can be deﬁned as
C(nC) = R0C(nC) − R0C,D((nC)) (6)
here R0C(nC) is the measured resistance after chemical cleaning
nd RC0,D(nC) is the desired resistance after chemical cleaning.
A discrete PI controller in velocity form is given as





εC(nC) − εC(nC − 1)
)
(7)
here tC is the cleaning time, KC is the proportional controller gain
nd nC,I is the integration interval. The bounds can be given as
C,lb < tC(nC) < tC,ub (8)
Fig. 6 shows the results. In the upper ﬁgure the desired and real-
zed resistances are shown, and in the lower plot the coagulant
osing is shown. During the ﬁrst 15 chemical cleaning cycles (indi-
ated by I), the settings of the coagulant controller were chosen
ncorrectly, leading to a fast increase of the resistance. The resis-
ance increased to its maximum allowed value of 3×1012 (1/m),
ubsequently a chemical cleaning procedure was performed. The
hemical cleaning controller now calculates a new cleaning time,
ut as the resistance at the beginning of a chemical cleaning cycle
s far above its set point (the dashed line), the chemical cleaning
ontroller becomes out of control and sets the cleaning time to its




In the following eight chemical cleaning cycles (indicated by
I), the coagulant controller settings were adjusted. The realized
esistance is now much closer to the desired resistance proﬁles.
ut the effect of chemical cleaning is now much stronger, and
he resistance at the beginning of a chemical cleaning cycle is
elow its setpoint. The chemical cleaning controller becomes also
ut of control and sets the cleaning time to its minimum value
C =5min.
In the last two runs (indicated by III) the desired fouling pro-
le is chosen more steeply, to see if increased fouling will lead to
n increased cleaning time. However, the chemical cleaning con-
roller keeps the cleaning time at its minimum value of 5minutes,
s the coagulant dosing is still high enough to enable the chemical
leaning to be fully effective. The coagulant controller settings of
q. (2) are shown in Table 1.
The experimental results of Fig. 6 show that the chemical clean-
ng effectiveness is not strongly inﬂuenced by the cleaning time,
hereas the effectiveness appears to be sensitive to the coagulant
osing. In Fig. 7 the chemical cleaning effectiveness is plotted as
function of the applied coagulant dosing for both cleaning times
hat the cleaning controller calculated (5 and 100min). Chemical
leaning effectiveness is in this context deﬁned as
= R0F,D(nF) − R0C,D(nC − 1)
R0F,D(nF) − R0C,D(nC)
(9)I II III
r (m−1) 7×1011 0 3×1011
i (m−1) 0 1×1012 1×1012
eq (m) 0.1 – 0.1





























Tig. 7. Effect of the coagulant dosing and cleaning time on the chemical cleaning
ffectiveness.
. Multi-objective control
This observation lead to the concept of multi-objective control,
here the coagulant dosing is used, both to realize the short-term
bjective as well as the long-term objective.
.1. Controller conﬁguration
Usually, the control of the long-term resistance conﬁnes itself
o the open-loop (manual) adjustment of the chemical cleaning
ettings of the membrane unit. Our secondary aim is to achieve
closed-loop control of a desired resistance trajectory ranging the
ntire lifetime of a membrane unit.The results from the previous chapter indicate that both objec-
ives are strongly inﬂuenced by the coagulant concentration.
his observation leads to the concept of multi-objective con-





Fig. 9. Sequence of chemiig. 8. Schematic representation of control scheme for thec multi-objective con-
roller.
1) the short-term objective, in which the initial resistance trajec-
toryduring the sequentialﬁltrationcyclesR0F,D(VF) is controlled
and,
2) the long-term objective, in which the initial irreversible resis-
tance of the sequential cleaning cycles R0C,D(nC) is controlled.
Fig. 4 shows the trajectories of the ﬁltration resistance of the
hort-term set point R0F,D(VF) and the long-term set pointR0C,D(nC).
ote that according to 2, the desired short-term resistance is
eﬁned relatively to the last realized long-term resistance.
Therefore, both set-up trajectories are uncoupled and can be
imed for independently. The optimal course of the desired short-
erm trajectory of R0F,D(VF) is given before in the 2.
The trajectory of the desired long-term trajectory of R0C,D(nC) is,
or the time-being, chosen arbitrarily. In a later stage this can be
erived by dynamic optimization over the life-time of the mem-
rane.
However, by choosing one manipulated variable for both
bjectives, it is physically impossible tomeet both trajectories inde-
endently.
It is important yet to do not exceed one of them (see Fig. 4).
herefore, the largest necessarypositive correctionobtainspriority.
In the chosen conﬁguration, two controllers calculate a value
or the coagulant dosing and the maximum of the two values is
pplied. This concept is illustrated in in Fig. 8.
Theﬁrst controllerminimizes the control error formulated inEq.
3), using Eq. (5) and the second controller minimizes the control
cal cleaning cycles.













































































Rig. 10. Relationship between average temperature and average coagulant dosing.
rror formulated in Eq. (6). With the control error given in Eq. (6)
he following control algorithm is used:





ε(nC) − ε(nC − 1)
)
(10)
nd the bounds can be given by
< CF(nC) < CF,ub (11)
.2. Results
Fig. 9 shows the results of the multi-objective controller. In the
pper ﬁgure the desired an realized resistance are shown, in the
iddle plot the coagulant dosing is shown and in the lower plot
he temperature evolution is shown.
In the ﬁrst 20 chemical cleaning cycles (11 days), the setpoint
or the irreversible resistance is set at 1.4×1012 (1/m). The real-
zed resistance after chemical cleaning, as indicated by the circles
s below the desired resistance (dashed line). Also the realized
esistance proﬁles during the ﬁltration sequence (dots) are below
he desired proﬁles (lines). The initial coagulant dosing was set at
ppm,which showed to be too high. Themulti-objective controller
dapts the coagulant dosing by decreasing its value steadily. The
daptation leads to better realized proﬁles for the resistance dur-
ng the ﬁltration sequence, but the irreversible fouling resistance
fter chemical cleaning is still below its setpoint.
After the ﬁrst 20 chemical cleaning cycles, the setpoint for the
rreversible fouling resistance is decreased to amore realistic value
f 1.1×1012 (1/m). Better results are now obtained for the ﬁltra-
ion sequence fouling proﬁle as well as for the irreversible fouling
esistance after chemical cleaning.
The lower part of Fig. 9 shows the temperature of the feedwater
uring the experiments. As temperature is increasing, the required
oagulant dosing is decreasing. The required coagulant dosing is
elated to the temperature. Since adaptation at the chemical clean-
ng cycle level is slow, the controller is not able to adapt to changes
n the temperature, which occur on the same timescale (day to
eek), as a result of the day–night cycle and weather effects..3. Gain scheduling
The coagulant dosing is more effective at high temperatures. In
ig. 10 theﬁltration sequence average temperature is plotted versus
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he ﬁgure represents an empirical approximation of the relation-
hip between the temperature and the required coagulant dose. It
s assumed that the relationship between the effective coagulant
oncentration and the temperature has an exponential form, given
y
T = CT0−kT (T−T0) (12)
or the data of Fig. 10 k=0.23 and T0=20 ◦C.
This empirical relationship can be used to expand the control
trategy with a gain scheduler, to correct the coagulant dosing for
emperature changes. It should be noted that in this study the tem-
erature correction by means of gain scheduling has not yet been
mplemented.
Implementation of a gain scheduler to cope with temperature
hanges that inﬂuence the effect of coagulant would improve a
aster realization of the control objective.
. Conclusions
Independent feedback controllers to realize short-term and
ong-term objectives in dead-end ultraﬁltration ar not suitable to
ontrol irreversible fouling. However, multi-objective control is
uitable for controlling both the backwash efﬁciency and the chem-
cal cleaning effectiveness. Due to the time interval at long-term
ontrol takes place, the long-term controller part of the multi-
bjective control cannot adapt to changes in the temperature. In
rder to copewith temperature changes a gain scheduler correction
n the coagulant dosing is required.
cknowledgements
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ppendix A. Nomenclature
F coagulant concentration (ppm)
F,0 coagulant concentration (ppm)
F,lb lower bound coagulant concentration (ppm)
F,ub upper bound coagulant concentration (ppm)
T effective coagulant concentration (ppm)
T0 reference coagulant concentration (ppm)
ﬂux (m/s)
C long-term controller gain (ppmm)
short-term controller gain (ppmm)
T empirical constant (1/ppm)
C number of chemical cleaning cycles
F number of ﬁltration cycles
C,I long-term controller integration interval
I short-term controller integration interval
P trans-membrane pressure (Pa)
0C measured resistance at the beginning of a chemical clean-
ing cycle (1/m)
0F measured resistance at the end of a chemical cleaning
cycle (1/m)
0C,D desired resistance at the beginning of a chemical cleaning
cycle (1/m)0F,D desired resistance at the end of a chemical cleaning cycle
(1/m)
f fouling resistance (1/m)
M membrane resistance (1/m)




















[30 E. Zondervan et al. / Journal of M
feed water temperature (◦C)
0 reference temperature (◦C)
F ﬁltrated volume (m)
eq characteristic volume (m)
reek letters
i ﬁnal slope (m−2)
C long-term control error (1/m)
F short-term control error (1/m)
viscosity (Pa s)
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